Abstract-The dependence of contact resistance on current has been measured for a large number of ohmic contacts to quantized Hall resistors under quantum Hall effect conditions. Five different functional forms of current dependence are observed at low currents. The trend from best to worst quality can be correlated with the density of defects in the contact, regardless of the physical cause of the defects. The consequences of different types of contact resistance current dependence on the metrological use of samples are discussed.
I. INTRODUCTION

E
XCESSIVE resistance in the contacts on quantized Hall resistors (QHR's) can cause an increased load on the current source, noisy Hall voltages, and deviations of the measured Hall voltage from its ideal value [1] - [3] making the device unsuitable for use as a resistance standard. It is important to measure all contact resistances over a range of current from 0 to 100 A, for while the contact resistances at the measurement current must clearly be known, high contact resistances at lower currents have a significant effect on measurements, particularly when multiple series connections are used [4] .
In this work, the resistances of potential probe contacts on over 15 QHR's with alloyed ohmic contacts prepared in different manners were measured. These contacts varied in quality from excellent to quite poor. The physical causes for the poor contact quality varied from physical damage to the contact caused by excessive wire bonding pressure, to corrosion, to poor morphology of the metal-semiconductor interface produced during alloying. The current dependencies of the contact resistances in all cases, however, appear to follow a common trend. This paper describes this trend, shows that it is consistent with the effects of increasing disorder in the contact, and describes the sometimes significant effect of current dependent contact resistances on the use of QHR's as resistance standards.
II. EXPERIMENTAL PROCEDURE
Eleven of the QHR's tested in this work were prepared with AuGe/Ni contacts from GaAs/Al Ga As heterostructures grown using metal organic chemical vapor deposition under contract to the EUROMET consortium [5] , [9] . In addition, several samples were prepared at the National Institute of Standards and Technology (NIST) by alloying indium to GaAs/Al Ga As heterostructures grown using molecular beam epitaxy (MBE).
The devices were cooled in a cryostat to temperatures between 1.1 and 1.4K in magnetic flux densities between 4 and , as required to observe the quantum Hall resistance plateau. Contact resistances were measured using a technique similar to that described in [6] and described in detail in [9] ; the magnetic flux density was set to a value at the center of the plateau and current was passed between a contact "A" and a second contact, usually the source or drain at the end of the Hall bar (see inset to Fig. 1 ). The potential was measured between contact "A" and a second contact "B" that did not carry current and which was at nominally the same potential as contact "A." The current was increased by an increment , between 0.5 and 10 A, and the voltage was measured again. The "differential contact resistance" was determined by dividing the difference in the two voltages by the current increment. This resistance includes the contact resistance of the contact and the resistance of the wire in the cryostat probe, which varies between 1.2 and 1. 6 . In the earliest experiments, the current was initially set to and increased in steps to the positive limit ; in later experiments, the current was increased in steps from zero to a positive limit I , usually 100 A, then reset to zero, and decreased to . The contact resistance measurements were made over a fairly short period of time (between 1 and 3 min). The standard uncertainty in the measurement of resistance was about 0.3 ; the uncertainty in the measurement of current was less than 0.03 A.
III. RESULTS
The variation of the resistance of a contact with current arises from the action of two different factors, which operate over different ranges of current. The influence of the first factor is observed at lower currents, and that of the other, independent factor, at higher currents. The exact ranges of current over which the two types of behavior are observed is a function of the dimensions of the sample. For the potential probes on the LEP samples, "low-current behavior" is generally observed when the magnitude of the current is less than about 50 A, and "high current behavior" is observed when the magnitude of the current is greater than about 80 A. Five different functional forms of "low current behavior" have been observed and are described in the first part of this section; two different functional forms of "high current behavior" have been observed and are described in the second part of this section.
A. Low-Current Behavior
The dependence of contact resistance on current for low currents for all of the samples tested in this work fell into one of five different categories.
1) Ideal Contact:
The contact resistance vanishes for currents with magnitude less than a critical current , which on the best samples is between 35 and 55 A for the potential probes on the LEP samples.
is proportional to the width of the narrowest part of the heterostructure through which current must pass. At currents with magnitude above , the contact resistance abruptly increases (see Fig. 1 ), probably due to breakdown of the quantum Hall effect [7] , usually to several hundred ohms and seldom more than 1 k .
2) Nearly Ideal Contact: Contacts that are of slightly worse quality exhibit the same general form of current dependence as an ideal contact; the contact resistance vanishes for currents , but is smaller, varying between 0 and 30 A for potential probes on the LEP samples.
3) Limiting Case of Ideal Contact: In the limiting case, the contact resistance only vanishes at zero current, as shown in Fig. 2 .
4) Poor Quality Contact:
Contacts with worse quality exhibit a current dependence similar to the limiting case of an ideal contact, except that the contact resistance does not vanish at zero current. While the value of the contact resistance and the range over which it varies can differ widely from contact to contact, in all cases, the form of the current dependence is essentially the same.
5) Inverted Current Dependence:
Contacts with the worst quality have resistances that actually reach a maximum when the lowest currents are passed through the device, as shown in Fig. 3 . The values of the contact resistances of the contacts that exhibit this form of current dependence can vary over a wide range. The maximum contact resistance can be as little as 14 to 20 , and the minimum contact resistance measured at currents approaching 100 A can be negligibly small, while in other cases, contact resistances can be as high as thousands of ohms throughout the range 100 A.
B. High-Current Behavior
The contact resistance current dependence of all contacts tested at higher currents fell into one of two different categories.
1) OHMIC Contact:
The majority of contacts (all but about a dozen) exhibited at high currents contact resistances that were more or less independent of current and were the same for positive and negative current directions, as observed by [8] . The contacts from which the data in Figs. 1-3 were obtained had ohmic contact resistances in this high current regime.
2) Rectifying Contact: About a dozen contacts were observed to exhibit rectifying characteristics, with resistances increasing sharply at negative currents with magnitudes greater than 50 to 80 A while remaining low for positive currents of the same magnitude, as shown in Fig. 4 .
Interestingly, the behavior of the contact resistance at high currents with magnitude above 50 to 80 A (ohmic or rectifying) was independent of the behavior of the contact at lower currents with magnitude less than 30 to 50 A. An example of a rectifying contact exhibiting nearly ideal current dependence at low currents is shown in Fig. 4 , but other rectifying contacts were found that exhibited at low currents nearly all of the other types of current dependence described in the first part of this section. 
IV. DISCUSSION
A. Correlation of Current Dependence with Defect Density
The current dependencies described above have been observed with contacts prepared using different techniques as well as contacts that have been subjected to treatments known to cause electrically active defects in the contact region. This evidence indicates that the trend in contact resistance current dependence from ideal to inverted current dependence described above is correlated with an increasing density of electrically active defects in the contact region, shown as follows.
1) The contacts on the LEP samples, both with and without silicon nitride coatings, were all ideal or nearly ideal when the samples were delivered to NIST in 1990. The best alloyed indium contacts prepared on QHR devices fabricated at NIST also exhibit ideal characteristics, indicating that this type of current dependence is typical of high quality contacts with a low density of electrically active defects.
2) The resistances of contacts on the LEP samples coated with a protective silicon nitride layer are still all ideal or nearly ideal. As discussed in [9] , the silicon nitride layer prevented corrosive compounds in the atmosphere from altering the chemical structure of the contact, so these contacts have essentially the same structure as they did when the samples were made in 1990.
3) The contacts on the LEP samples that were not coated with silicon nitride (and hence were exposed to corrosive compounds in the atmosphere) are now no longer ideal. Alloyed AuGe/Ni contacts of the type made to the LEP samples will suffer changes in chemical structure, with the creation of electrically active defects in the contact region, when exposed to normal atmospheric conditions for a period of many years [9] . The changes in the current dependence of the resistance of these contacts can be attributed to an increase in density of electrically active defects with time as the contacts have corroded. 4) Contacts on LEP samples (sample E6C) to which 25 m diameter gold wires were bonded directly over the heterostructure show inverted current dependence. It is known that the stresses on the heterostructure created during bonding will create electrically active defects in the contact region [6] . This is further evidence that inverted current dependence can be attributed to electrically active defects in the contact region, in this case caused by mechanical damage. The fact that aged uncoated LEP samples also exhibit similar current dependence indicates that the electrically active defects caused by corrosion-induced chemical changes in the structure of the contact and mechanical damage both have similar effects on the contact's properties, giving rise to nonideal behavior. 5) Alloyed indium contacts that have smooth, uniform interfaces between the metallic indium and the heterostructure exhibit ideal behavior. Contacts with poor quality, nonuniform interfaces exhibit behaviors ranging from nearly ideal to rectifying, again indicating that the nonideal behaviors can be attributed to electrically active defects at the interface between the contact metal and the two-dimensional electron gas (2 DEG). These observations indicate that the trend in contact resistance current dependence from ideal to rectifying can be correlated with an increasing density of electrically active defects in the region between the metallic contact and the 2 DEG. Furthermore, the defects caused by mechanical damage and chemical corrosion have a very similar effect on the current dependence of the contact resistance.
The exact mechanism by which these defects cause the different types of current dependence at lower currents is not clear, but it appears that this behavior is strongly influenced by quantum mechanical effects related to the quantization of the conduction electrons into Landau levels, and the observations described above are consistent with at least two published theories. van Son et al. [10] have proposed that disorder in the contact region gives rise to a nonequilibrium distribution of electrons in the Landau levels, which in turn causes breakdown of the dissipationless transport characteristic of the quantum Hall effect (QHE). Increasing densities of defects will result in increased scattering of electrons, with a consequent decrease in the critical current, and an increase in the contact resistances, as observed in this work.
Cage et al. [11] have proposed that when the current through an ideal contact is increased, the Hall voltage increases, and eventually becomes high enough to cause the electric field in certain regions of the sample to reach a critical value that permits electrons to tunnel from the highest occupied Landau level to the lowest unoccupied Landau level, a process called quasi-elastic inter-Landau level scattering. Under these conditions, breakdown of the QHE occurs, and the contact resistances increase sharply. Increasing densities of electrically charged defects will create regions of the sample in which this critical electric field is reached at lower Hall fields and lower currents, consistent with the observations reported in this paper.
The high current behavior of the contacts (ohmic and rectifying) is not well understood, but it appears that the conduction at high currents is not significantly influenced by the quantization of electrons into Landau levels. The rectifying current dependence observed in some contacts at higher currents may possibly be due to the presence of a potential barrier between the metal contact and the semiconductor.
B. Effect of Current Dependent Contacts on Use of QHR's as Resistance Standards
In order to evaluate the effect of contact resistance on the use of a QHR as a resistance standard, it is essential that the contact resistance be measured at a current close to the value that will be passed through it during precision measurements or calibrations. For example, if one passes a current of 50 A through the source and drain contacts when making precision measurements, it is tempting to use this current source to test the contact resistances of both the current and potential probes prior to making precision measurements. While this would be appropriate for the current contacts, it could give misleading results for the potential contacts. As can be seen from Fig. 1 , even if the potential contact is ideal, the critical current for potential contacts on the LEP devices can be as low as 50 A. Measurement of the resistance of such a contact at 50 A could give a value as high as several hundred ohms. Since little or no current is drawn through the potential probes during precision measurement and since the contact shown in Fig. 1 has vanishingly small resistance at low currents, the device would be usable as a resistance standard, in apparent contradiction to the specifications in [1] that the contact resistance be less than where is von Klitzing's constant, defined to be 25 812.807 is an integer identifying the quantized Hall resistance plateau, and is the lead resistance. In practice, the guidelines are not violated, for if the potential probe's contact resistance had been measured with a current less than the critical current, it would have met the specification in [1] . Several authors have reported being able to use devices with high contact resistances as resistance standards [1] , [5] , in apparent contradiction to the specifications in [1] , but none of these authors have reported the currents used to measure the contact resistances, the critical currents of the potential probe contacts, or the dependence of the contact resistances on current. While it is possible that the devices tested by these authors actually had ideal or nearly ideal contacts, but the authors measured the contact resistances only at selected currents that were close to or slightly higher than the critical current for an ideal potential contact on these devices, this cannot be determined from the published data. Because non-negligible contact resistances can have serious effects on precision measurements of the quantized Hall resistance [1] , it is essential that if contact resistances are measured at a single current, that current be close to the one that will flow through the device during precision measurements: for current contacts, the current should be the measurement current, and for potential probe contacts, the current should be quite small, e.g., less than 1 A.
As a second example, measurement of the current dependence of potential probe contact resistances is particularly important when multiple series connections of a QHR are used, as is commonly done in ac measurements of the quantized Hall resistance. When a double series connection of a QHR is used [4, Sections 6.1 and 7.1] currents as high as 16 nA can flow through the potential probe contact. In the worst case, a contact with inverted current dependence (as shown in Fig. 4 ) could appear to have a resistance of less than a few ohms if measured with a current equal to the measurement current (39.9 A in [4] ). One would then conclude that the relative difference between the measured and , would be of the order of for the plateau (for the conditions used in [4] ). In fact, the resistance of this contact would be nearly 500 at the current of 16 nA actually flowing through it when the QHR measurement was made. The correct relative difference between and would be , over an order of magnitude larger. These two examples demonstrate that contact resistances measured at a single current different from the current that will flow through the contact during precision measurements cannot be used to judge whether the device will be of standards quality. The contact resistance of each contact must be measured at the current that will be passed through it during measurement. The current-contact (source and drain) resistances must at least be measured at the measurement current (with current flowing in both directions), and the potential probe contact resistances must be measured over a range of small currents about . If multiple series connections are used, the contact resistance of the potential probe must be measured at the current that will pass through it during QHE measurements.
V. CONCLUSION
The current dependence of the resistances of ohmic contacts to QHR devices subjected to damage-inducing treatments including corrosion and mechanical damage exhibits a definite trend that can be correlated with different densities of electrically active defects in the region between the metallic contact and the heterostructure. This correlation is consistent with several theories relating contact disorder to the breakdown of the QHE. The form of the current dependence is very important for evaluating whether a sample is of standards quality. Because contact resistances can vary over a range of several orders of magnitude with relatively small changes in current, measurements of contact resistance at a single current not equal to the current that will be passed through the contact during QHE measurements can result in very large errors.
